Objective: The L-type calcium current (I ) in isolated human atrial myocytes was investigated as a possible target of insulin in the and insulin (10 mM) was reached after 3162 s and 5265 s, respectively. The insulin effect shown was totally reversed by acetylcholine (3 mM) which is known to inhibit adenylyl cyclase activity / cAMP-production via G -proteins. Also, the selective insulin receptor tyrosine i kinase inhibitor (hydroxy-2-naphthanelyl-methyl)phosphonic acid completely inhibited the insulin induced effect. Conclusion: Our data show that insulin stimulates the L-type calcium current in isolated human atrial myocytes in a dose-dependent and reversible manner which appears to involve the insulin receptor tyrosine kinase. Insulin regulation of I in human atrial myocytes may be an interesting Ca,L system for the analysis of the metabolic syndrome in man.
Stimulation of L-type Ca current in human atrial myocytes by insulin a , a b c a 1. Introduction dt , cardiac output and faster relaxation times. Positive max inotropic effects of insulin are independent of the myocarAlterations in the availability of insulin or in the dial glycolytic rate and substrate metabolism [8] [9] [10] 13 ] functions of its signalling pathways may be involved in a and independent of adrenergic mechanisms [8] . number of physiological and pathological processes in the Insulin alters cation fluxes in the myocardium, par- 21 heart including insulin resistance associated with aging [1], ticularly that of Ca , and thereby changes mechanical obesity [2], non-insulin-dependent diabetes mellitus [3] , force development in the heart [14] . We recently described essential hypertension [3, 4] , and cardiac hypertrophy [5] as that insulin stimulates the L-type calcium current in well as the cardiomyopathy observed in patients with isolated rat cardiomyocytes using the whole cell patch diabetes mellitus [6, 7] . In mammalian heart and in isolated clamp technique [15] . This increase of I was dose- Ca,L cardiac muscle preparations, insulin exerts positive inodependent and reversible. Furthermore, additional data tropic effects [8] [9] [10] [11] [12] . These cardiac effects include insuggested that cAMP and the cAMP-dependent protein creases in maximum force generation, left ventricular dP/ kinase (PKA) are involved in the stimulation of I by Ca,L insulin in rat cardiomyocytes. In this study we used isolated atrial myocytes from patients who had cardiac Single human cardiac myocytes were prepared accordinternal solution contained in (mmol / l) CsCl 119.8, MgCl 2 ing to the modified protocol of Bustamante et al. [16] 4, creatine phosphate disodium salt 5, Na ATP 3.1, 2 obtained from patients (Table 1) An aliquot of the myocyte suspension was transferred to cells as signs for viability were used for measurements a plastic Petri dish where the myocytes were allowed to [16] . We observed also spontaneous contractions of these settle for 5 min before being superfused continuously by cells which was also induced by touching with the patch gravity with external solution at a rate of about 1 ml / min. pipette. The investigation conforms with the principles
The Petri dish was placed on the stage of an inverted outlined in the Declaration of Helsinki.
microscope (IMT-2, Olympus, Hamburg, Germany). Patch pipettes were fabricated from borosilicate glass 2.2. Chemicals capillaries (Kimax-51, Witz-Scientific, Holland, OH, USA) and filled with internal solution. Liquid junction potentials Collagenase, protease, insulin (from bovine pancreas), between the internal and external solutions were compen-(2)-isoproterenol and acetylcholine were purchased from sated for in each experiment. After successfully obtaining a Sigma (Deisenhofen, Germany). (Hydroxy-2-naphthanelylgigaseal, a suction pulse combined with an electrical pulse methyl)phosphonic acid was purchased by Biomol (Ham-(500 mV, 1 ms) was applied to establish the whole-cell mode. Sealed atrial myocytes were brought in front of the peak inward current and the average current during the last opening of a microcapillary with a tip diameter of 750 mm.
10 ms of the 200-ms pulse. Cell membrane capacitance The distance between the cell and the opening of the and series resistance (R ) were measured but not compen-S capillary was about 375 mm. Microcapillaries were persated for by exponential analysis of current responses to fused by external solution by gravity at a rate of about 10 5-mV pulses at regular intervals. The estimated voltage ml / min. In control experiments with calcium in the bath clamp error in our setup was about 1 mV. Only measuresolution and a calcium free solution flowing out of the ments with R # 10 MV were analyzed. For off-line data S microcapillary, I disappeared completely and instantaanalysis the IGOR software from WaveMetrics (Lake Os- Ca,L neously when the cell was brought to the laminar flow out wego, Oregon, USA) was used. of the capillary. Five additional microcapillaries mounted
Results are presented as mean6SEM. Differences bein a row allowed superfusion solutions to be changed tween means were tested for statistical significance by within 2 s by moving the capillaries. Drugs were added to Student's t-test for paired or unpaired samples, as necesthe external solution and electrophysiological measuresary. Differences were considered significant at the level of ments were performed under basal conditions and in the P,0.01 or less, as indicated. presence of drugs. 'Basal' conditions refer to the absence of either insulin, isoproterenol or acetylcholine.
Command pulses and data acquisition were performed 3. Results with an EPC-9 patch-clamp amplifier controlled by the PULSE software (HEKA, Lambrecht, Germany) on a Macin-I was recorded in human atrial myocytes using the Ca,L tosh computer. High-resolution currents were low-pass whole-cell configuration of the patch-clamp technique. filtered at 2.9 kHz, acquired at a sampling rate of 10 kHz
Basal I activated by a voltage step from 250 mV to Ca,L and stored on a hard disk for off-line analysis. 110 mV was 120614 pA (n528). The I density, Ca, L 21 In order to examine the L-type Ca current (I ), cells which represents the ratio of I amplitude to the
were voltage-clamped at a holding potential of 250 mV to membrane capacitance, was 1.260.1 pA / pF (n528). double-pulse voltage-clamp protocol was used [18] . Briefl-3.1. Insulin stimulation of I Ca,L y, every 2 s, the membrane potential of the cell, which was maintained at its holding value of 250 mV, experienced Fig. 1 shows a representative example of the stimulatory the following sequence of events: conditioning pulses effect of 1 mM (Fig. 1A ) and 10 mM (Fig. 1B) insulin on ranging from 260 to 160 mV for 200 ms, 250 mV for 3 I . Washout of insulin reduced I to its basal amCa,L Ca,L ms, and a test-pulse to 110 mV for 200 ms (see inset in plitude, demonstrating that the effect was fully reversible. Fig. 2B) .
Averaging the results of 11 experiments 10 mM insulin For characterization of the activation (current-voltage increased I by 140612% over basal (P,0.001, n511).
Ca,L relation) the method described by Isenberg and Klockner The maximum insulin effect was obtained after 132610 s [19] was used. Briefly summarized, the apparent reversal and the half-maximum effect was reached after 5265 s potential E and the maximum conductance were esti-(n58). The time to peak was shortened from 7.160. nce, V is the membrane potential at which the conductapparent reversal potential of I was not altered by 10
ance is activated at its half-maximum value, and a is the mM insulin (62.161.5 mV (basal) vs. 60.260.7 mV slope factor. The potential of the half-maximum available (insulin). The maximum conductance g was increased which was slightly increased after application of insulin 3.2. Dose-dependency of insulin-induced increase of and isoproterenol. Analysis of the amplitude of the end-I Ca,L pulse current (467 pA for control and 213610 pA after 10 mM of insulin) showed no significant differences.
The insulin-induced increase of I was dose-depen- Ca,L kinase inhibitor HNMPA-(AM) in the external solution. Half of the maximum effect was reached after 3162 s (n58) with isoproterenol (10 nM) as compared to 5265 s (n58) with 10 mM insulin (P,0.005).
Effect of acetylcholine on insulin-stimulated I Ca,L
A significant but small effect of acetylcholine (3 mM) on the basal L-type calcium current in human atrial myocytes was detected (depression by 7.561.5%, n54). Then, the effect of 3 mM acetylcholine on insulin (10 mM) stimulated I was measured. Acetylcholine completely Ca,L reversed the stimulatory effect of insulin (10 mM) to basal values (n54, Fig. 4 ). After removal of acetylcholine and insulin, a rebound stimulation of I was observed Ca,L perhaps due to a slower wash-out of the insulin effect compared to that of acetylcholine. As expected, isoproterenol (10 nM) pre-stimulated I was inhibited Ca,L when acetylcholine was added. S dose-dependent, reversible and primarily due to an increase of the maximum conductance. A slight slowing of dent (Fig. 3) . The threshold of the insulin-induced increase the current inactivation was also observed. 21 of I was 100 nM, and the maximum increase of I Different Ca channels are activated or inhibited by Ca,L Ca,L was obtained with 10 mM. Insulin increases I in a insulin in frog atrial cells, but these channels have not been Ca, L 21 dose-dependent manner. 100 nM insulin increased I by characterized as L-type Ca channels [20] . In single Ca,L 1263% (P,0.01, n58) over basal and 1 mM by 60616% ventricular myocytes from embryonic chick hearts and in (P,0.01, n58). Maximum stimulation of I over basal human atrial myocytes, insulin had apparently no effect on Ca,L I was 140612% (P,0.001, n511) at 10 mM insulin. I but increased the resting steady-state calcium influx
Ca,L Ca,L through R-type calcium channels via PTX-and CTX 3.3. Effect of the selective insulin receptor tyrosine sensitive G-proteins [21] . Our laboratory recently reported kinase inhibitor (hydroxy-2-naphthanelylmethyl)-that insulin increases I in rat ventricular myocytes [15] . majority of previously published in vitro and in vivo higher than the insulin concentrations normally found in studies reporting effects on cardiac contractility or intracelblood which are reported to be between 0.3 and 3 nM [24] . lular calcium [8, 13, 23] . These doses effective in vitro are
We cannot explain this difference in insulin doses effective atrial myocytes by test pulses to 110 mV from a holding potential of 250 mV every 10 s (filled circles). External solution was first switched to an insulin (10 mM) or insulin (10 mM) and acetylcholine (3 mM) containing solution and second to an isoproterenol (10 nM) or isoproterenol (10 nM) and acetylcholine (3 mM) containing solution, indicated by horizontal bars. Note that the rebound current after insulin removal is lower than after isoproterenol removal. Cell capacitance was 88 pF and R value was 4.2 MV.
S in vivo vs. in vitro investigations. One possible explanation presented. A diabetic cardiomyopathy has been shown in could be that the local insulin concentrations in heart are patients with normal coronary arteries and without atheromuch higher than in blood as has been reported [24] tance. This work was supported by the Deutsche Fordiated process which does not involve a myriad of schungsgemeinschaft (Ki 606 / 1-1). signalling steps. Also, the insulin effect on I was Ca,L abolished by 1 mM (hydroxy-2-naphthanelyl-methyl)phosphonic acid, a selective insulin receptor tyrosine kinase References inhibitor [35] in our study, indicating that the insulin receptor tyrosine kinase is involved in the mechanism of 
